INTRODUCTION
The development of new fields of study in scientific research frequently depends on the advance of new techniques, and such techniques can revolutionize research in already established fields. Tissue culture is an excellent example of such a technical revolution. An editorial published in 1910 in the Journal of the American Medical Association commented that "it lays bare practically a whole new field for experimental attack on many of the fundamental problems in biology and medical science'
Only four years later, a review discussed the applications of tissue culture in studies on cell morphology and differentiation, cancer, bacteriology, virology, immunology, radiobiology, and toxicology.2
But even such a revolutionary technique as tissue culture has a long history in which the principles of the technique were recognized and various partially successful attempts were made. Harrison's own experiments were part of a long research programme on nerve development in embryogenesis, and Oppenheimer has shown how these experiments were derived from the practices of experimental embryology and in particular from the embryo transplantation experiments of Born.3 Nor was Harrison the first to put cells or fragments of tissues or embryos in vitro, and various earlier workers achieved varying degrees of success. Oppenheimer and Rubin have listed a total of nineteen such investigations between 1855 and 1906, and, in view of Harrison's background, it is interesting to note that approximately one-half of these earlier, pioneering attempts were also "embryological"; the remainder may be described as lying within the field of pathology.' Like embryology, pathology had *Jan A. Witkowski Jan A. Witkowski developed a strong experimental bias,5 and Virchow, building on the work of histologists such as Muller and Henle, had firmly established the cell as the proper concern of the pathologist. 6 Rubin has drawn attention to parallels between the theories and techniques of experimental pathology and experimental embryology and has suggested that pathology was a second pathway leading to tissue culture. In particular, he referred to the embryological basis of Cohnheim's and Ribbert's theories on the origin of the cancer cell and to the techniques of transplantation used in both pathology and embryology. Rubin used the work of Leo Loeb (1869 -1959 to illustrate this thesis and he concluded that Loeb's work was of "undeniable significance for defining many of the conditions for in vitro growth",7 and that pathology and embryology were "major avenues" to tissue culture. 8 However, an examination of contemporary sources shows that those engaged in tissue culture research after 1910 would not have agreed with Rubin. On the contrary, these workers either disregarded or dismissed Loeb's in vitro research and referred only to Harrison. I shall re-examine.Rubin's suggestion that experimental pathology was a major factor in the development of tissue culture by comparing the roles of experimental pathology (exemplified by Loeb) and experimental embryology (exemplified by Harrison) . I shall pay particular attention to the experimental designs and techniques used by Loeb and Harrison, and their relationship to tissue culture proper. I shall comment on the similarities in their methods, and then discuss why, despite these similarities, it was Harrison and not Loeb who came to be regarded as the founder of tissue culture.
THE BACKGROUND TO LOEB'S EARLY WORK
In 1958, one year before he died, Loeb published an autobiographical sketch in which he reviewed the principal interests of his scientific career. Chief among these were "the growth processes of tissues in general and tumors in particular", and in both cases he "considered the two factors involved in growth, namely, cell multiplication and cell movements".9 Goodpasture wrote that these interests were present from the beginning of Loeb's career, and emphasized that the "circumstances of his initial environment ... made a lasting impression upon the direction and thread of his thought, inquiring and developing insight".'0 It is important to consider Loeb's early Experimental pathology and the origins oftissue culture scientific environment because the theories on the aetiology of cancer current when Loeb began his research career illustrate clearly the links between this branch of experimental pathology and experimental embryology.
In 1895, Loeb's research career began in Hugo Ribbert's Institute of Pathology at the University of Zurich where he undertook a research project on the transplantation of skin between the white and black pigmented areas of the same guinea pig. Although Loeb did not discuss the background of this project, it was probably based on Ribbert's "tissue tension" theory for the origin of cancers that Ribbert published in the year Loeb joined the Institute.
Ribbert's theory was one of a number that came under the general title of "cell autonomy", a group of theories that Ewing considered "the product of the best thought on the nature of tumors .. ."." The principal feature of this group of theories is that cancers arise when cells are disturbed in their relationship with their neighbours, and they thus escape from the growth controls and restraints that normally act upon them in tissues.
The first major statement of a theory incorporating this idea was the "embryonic rests" theory of Cohnheim.'2 Cohnheim proposed that there was an excess production of cells during embryogenesis and that these cells retained their potential for embryonic growth into adult life. If these "embryonic rests" became activated in the adult, they began to grow and formed cancers. Cohnheim was not clear on what brought about this activation and there was no data to support his assertion that embryonic cells persisted into adult life and were distributed throughout all tissues. '3 Ribbert'4 attempted to modify Cohnheim's theory to take account of these criticisms by discarding Cohnheim's assertion that only embryonic cells could give rise to cancers. Instead, he suggested that all adult cells were capable of division but that their proliferative activity is controlled by "tissue tension". Ribbert originally envisaged that actual physical separation of cells from their surroundings was necessary before they could escape the controlling effects of tissue tension, but he later suggested that "'physiological separation" of tissue elements was sufficient.
A fully developed statement of the theory of cell autonomy was made by Adami in 1907. Adami emphasized the relationship between cell differentiation and cell multiplication, and suggested that these were so different that they .... are obviously to a large extent incompatible". ' The importance of embryological concepts in the theory of cell autonomy is clear. Cohnheim's theory depended on the proliferative capabilities of embryonic cells, Ribbert referred to the regenerative capabilities of adult tissues, and Adami believed an imbalance between differentiation and proliferation to be critical in initiating a cancer. Ewing, in his discussion of tissue tension, drew heavily on embryological concepts and data. He recognized four elements responsible for the maintenance of tissue tension, and of these "the most important element ... is that designated organization"." His discussion of tissue tension and organization was in terms of regeneration of normal tissues, and his source was T. H. Morgan's Regeneration. '7 Morgan at this time discussed the control of regeneration by "organization" and a system of tensions,'8 but Ewing distinguished cell proliferation during regeneration from that in tumour growth by virtue of the former having a purpose, repair of the organism. But "experimental morphology has so far signally failed to elucidate the reason for the loss of organization in tumors", and Ewing went on to consider studies of cell behaviour during development and regeneration, especially the views of Weigert and Roux on differentiation."9
It is clear that at the turn of the nineteenth century, cancer research drew heavily on experimental embryology for its theoretical framework. This was the theoretical background to Loeb's work, but a study of his experimental methods also reveals close affinities between the techniques of experimental pathology and experimental embryology.
LOEB'S RESEARCH [1897] [1898] [1899] [1900] [1901] [1902] [1903] [1904] [1905] [1906] [1907] [1908] [1909] [1910] In 1897, Loeb emigrated to the USA, to Chicago where his brother Jaques Loeb20 was professor of physiology. Here he continued his research, turning to the behaviour of epithelial cells during wound repair. The first results of these experiments were published in 1898, together with details of the skin transplantation studies that formed his MD thesis.
Loeb emphasized the importance of epithelial cell migration during wound healing and drew a parallel between this cell behaviour and that in the development of a tumour: ".... growth of the epithelium in carcinomata of the skin shows some resemblances to the migrating epithelium produced by injuring the normal skin". variance".26 Loeb, and later Jensen," were so successful at resolving these inconsistencies and establishing tumour transplantation as a major experimental technique in cancer research that in 1907 Ewing wrote: "The results already obtained in this field are of such fundamental importance as to lead some to express the belief that the beginning of the end of the cancer problem is in sight".28
In his first paper on tumour transplantation,29 Loeb described transplanting some 360 fragments of a rat thyroid sarcoma to 150 host animals over a fifteen-month period. He was concerned with the origins of the cells found in the tumours that arose from the transplants, and in one set of experiments he attempted to distinguish absolutely between transplant and host by isolating the tumour fragments in gauze bags, but obtained variable results.30 Loeb also attempted to determine if transplanted sarcoma cells behaved towards foreign bodies in the same way as normal connective tissue cells, by implanting threads of cotton or silk or pieces of agar along with the tumour. He observed invasion of the agar by both normal and sarcoma cells, and both types of cell behaved similarly.3' He did not say whether his observations of cells penetrating blood clots in wound healing suggested the use of agar, but it was a medium he continued to use. 22 Ibid., p. In the same year (1901), Loeb described a series of experiments designed to separate epithelial cells from connective tissue in a regenerating wound, and he employed two techniques to do so. The first was similar to that just described: a small piece of skin was raised in the ear of a guinea-pig and the cartilage underlying the skin flap was replaced by a small piece of agar. Loeb found that the agar was invaded by leucocytes and epithelium in much the same way as a blood clot was invaded.32 His second method was more interesting: "A piece of the tissue, in this case of epithelium of the skin, is entirely cut off with a razor and pushed into coagulated blood serum as it is used for bacteriological purposes. The blood serum with the included epithelium is transferred afterwards into a living animal"." When the blood clots were examined after seven to ten days Loeb found that the epithelium continued to grow and that occasionally there were single cells detached from the main mass of cells. I call this Loeb's "implant" technique, and he hoped that it would provide the means to investigate tissue growth "under variable conditions". 34 Loeb published a further paper on tumour transplantation in 1902, in which he again attempted to determine the origins of the cells found at the periphery of a transplanted tumour by comparing them with the cells that invaded agar pieces. He found only leucocytes and connective tissue cells in the agar, and concluded that the cells present in the periphery of the transplanted tumour were derived from the tumour and not from the host.35
The "implant" technique was further exploited as a model system for studying cancer by showing "that in epithelium growing in blood-serum in a guinea-pig certain features are produced of interest to the interpretation of some structural peculiarities found in carcinoma".36 However, even though the epithelium in the blood-clot was isolated and free from tissue tension, it showed only limited growth and the cells never multiplied rapidly as in a carcinoma.37 Ribbert's "tissue tension" theory could not be wholly correct, and "some special chemical or physico-chemical conditions must be present" to bring about continuous growth. Nevertheless, Loeb believed that there were some similarities between the behaviour of the implanted epithelium and malignant tumours.
In 1903, Loeb discussed at length the relationship between embryological research and cancer research, and reviewed the relevant experimental data. This paper is important because it makes explicit the embryological background of Loeb's approach to cancer research and his commitment to experimental analysis. Loeb began by commenting that: "In explaining malignant tumours pathologists have made use of two of the most obvious instances of ordinary tissue growth, namely, embryonic development and regenerative phenomena".38 He summarized Cohnheim's and Rib-Experimental pathology and the origins oftissue culture bert's theories, and examined experimental results in relation to two questions: first, ". . . how do displaced embryonic cells actually behave?". Loeb discussed experiments in which early embryos were manipulated so that blastomeres came to be displaced from their normal positions, or were entirely separated from each other, or were transplanted to adult animals. Loeb was clearly unimpressed by the support these experiments gave to either Cohnheim or Ribbert, although he rather grudgingly conceded that teratomas might arise from isolated blastomeres. 39 Loeb then turned to his second question: ". . . can malignant tumors be explained by In 1910, Loeb and M. S. Fleisher published a short note entitled 'The relative importance of stroma and parenchyma in the growth of certain organs in culture media'." They referred to the "most interesting experiments" of Harrison, and it is probable that it was the success of Harrison and the exploitation of his method by Carrel that induced Loeb to take up these experiments again after a gap of eight years.
In this paper, Loeb made certain claims for his implant technique that he was to repeat with slight variations in all his tissue culture publications. First, he referred to his observations "of about fifteen years ago" that cells could grow into a blood clot. These suggested to him that "it might be possible to make various tissues grow in culture media outside of the body, in the thermostat, as well as inside the body, in the latter case the body acting as a thermostat".45 At that time, Loeb pursued this idea and "At first he carried out experiments in vitro as well as experiments in which the animal body acted as an incubator".46 "Lack of the necessary facilities made it very soon necessary for him to limit himself to the latter kinds of experiments [using animals]". Nevertheless, "To our knowledge in these our earlier experiments for the first time the attempt was recorded in the literature to grow tissues of higher animals under artificial conditions in environments that differ from those found in the body under natural conditions". '7 These claims were repeated in 1911 in a brief note in Science," and this paper also illustrates a confusion that can arise when attempting to disentangle Loeb's culture work; it is often not clear if he is referring to studies done using tissues embedded in agar and implanted in animals, or incubated in vitro in a test-tube. The work reported in this Science note was described in Loeb's contribution to a symposium on tissue culture held in December 1911. Loeb again made the claims listed above; his original observations suggested that it should be possible to "cultivate tissues on solid culture media in the test tube as well as within the body",49 and that "Experiments were accordingly undertaken by me in vitro -using coagulated blood-serum, blood-clot and agar as culture media, as well as in vivo".50 Again, Loeb's indiscriminate use of "culture medium" to refer to both the blood clot used in the implant method and the plasma clot used in vitro makes it difficult to distinguish which method was used when. Experimental pathology and the origins oftissue culture media in the test-tube" than was used in cover-slip cultures. This method was more tedious, but it had certain advantages, particularly in being able to study the behaviour of cells within the explant rather than just at the thin outgrowth of cells on a cover-slip.
During this period, Loeb had been collaborating with M. S. Fleisher, and in a paper published in 1917 they examined the movements of cells in vitro, in relation to stereotropism. Loeb also described the sequence of research he had followed: (i) studies of cell movement in wounds and in blood clots; (ii) "the cultivation of tissues in various coagula in the test tube"; (iii) implantation of tissues using "the living body of a guinea-pig as a thermostat".52 This paper dealt principally with cell movement, but Loeb and Fleisher were also concerned with tissue growth and intended to present an analysis of the factors determining that aspect of growth of various tissues which consist in cell or tissue movements".53 These interests seem derived from Loeb's earlier concern with the problem of cell displacement and the loss of tissue tension, but in this paper the phenomenon of cell movement in various media under different conditions was examined for its own interest.
Loeb and Fleisher turned to a study of cell division in vitro in their next paper54 and Loeb again referred to his test-tube experiments as being the same in principle as those "first described by one of us in 1897"."5 They intended to compare the growth of regenerating kidney with normal kidney, and to determine what effects agents such as oxygen, potassium cyanide, and micro-organisms had on cell growth. One series of experiments is of particular interest in relation to Loeb's earlier implant experiments. In this series, Loeb and Fleisher compared the growth of regenerating rabbit kidney with that of a mouse carcinoma and found that both types of tissue behaved similarly. Loeb's views of the relationship between transplantation and in vitro tissue culture is illustrated by the conclusion to this paper: ".... tissues after transplantation into culture media in vitro behave in all essential respects in a manner similar to tissues transplanted into the subcutaneous tissue in the living animal";56 the two methods were identical in principle and in results. This appears to have been Loeb's last publication dealing specifically with tissue culture.
HARRISON, EXPERIMENTAL EMBRYOLOGY, AND TISSUE CULTURE
The relationship between Harrison's background in experimental embryology and his development of tissue culture has been explored thoroughly by Oppenheimer, 57 and I shall discuss this background only to draw attention to similarities between Harrison's and Loeb's experimental work. Jan A. Witkowski Harrison's development of tissue culture was the logical outcome of his extensive studies of the development of peripheral nerves during embryogenesis.53 At the time Harrison began this work, there were three main theories59 that attempted to account for nerve development: (i) The cytoplasmic bridge theory of Hensen60 proposed that the cells of the embryo were linked together by fine strands of cytoplasm that developed into nerves, the pattern of nerve development depending on the activity of the peripheral tissues. (ii) The nerve outgrowth theory of His6'1 and Ramon y Cajal62 considered all nerve fibres to be outgrowths from ganglia or spinal cord. (iii) In that proposed by Schwann'3 and elaborated by Balfour," the nerve fibres were thought to be secreted by the Schwann cells in the periphery and the glial cells in the central nervous system.
Harrison's interest in this problem was manifest in his first major experimental paper published in 1898. Harrison intended to ". . . trace out the modes of growth of individual structures or organs"65 and to do this he exploited Born's discovery that parts of amphibian embryos could be fused together." By transplanting the tails of 2-to 7-mm. embryos, Harrison observed that there was a shifting of the epidermis from the trunk to the grafted tail as the latter elongated during growth. He commented that this was a "most interesting phenomenon when considered in connection with the mode of distribution of the cutaneous nerves in the adult vertebrate";67 the movements of the epidermis observed experimentally corresponded to the displacement of the sensory nerves. Harrison remarked that his results should not be construed "as necessarily contradicting the view, almost generally accepted" that a nerve fibre grew out from the ganglion," indicating that as early as 1898 he favoured the His-Cajal given by various authors, one cannot but be convinced of the futility of trying by this method to satisfy everyone that any particular view is correct".70 A fresh approach was required, and "The only hope of settling these problems definitely lies, therefore, in experimentation". 71 Harrison began by determining if the Schwann cells were essential for nerve development. He removed the neural crest from young (2-to 7-mm.) frog embryos, depriving the embryos of both Schwann cells and spinal ganglia. The embryos that developed lacked entirely sensory nerves and Schwann cells, but motor nerves were present. If the ventral half of the neural tube was removed, the resulting embryos were paralysed, and histological examination showed that while sensory nerves and Schwann cells were present, motor nerves were totally absent.72
Having determined that Schwann cells were not necessary for motor nerve development, Harrison turned to the problem of how the connexion between nerve cell body and end organ arises. The importance of this set of experiments is two-fold; some experiments resemble very closely the kind performed by Loeb, and they also led Harrison directly to tissue culture. Harrison's strategy was to alter in various ways the environment in which the nerve fibres develop. If there were preformed structures in the tissues that contributed to the formation of nerve fibres, then any disturbance of a tissue before nerves appeared in it should lead to the absence of nerve. If nerves were able to grow in altered surroundings, the results would be strong support for the His-Cajal outgrowth theory.
Harrison had shown by removing the medullary cord in the trunk region that"... when the nerve centers of a given region are removed before differentiation of peripheral nerves has begun, no nerves develop in that region".73 However, histological examination revealed that nerve fibres had grown out from the brain into the mesenchyme tissue that filled the space left by removal of the cord, ". . . a tissue, as 69 S. Ramon y Cajal, 'Nouvelles observations sur l'evolution der neuroblastes avec quelques remarques sur l'hypothese neurogenetique de Hensen-Held', Anat Jan A. Witkowski unlike that forming the normal path [of nerve fibre growth] as it could possibly be".74 Even more unlikely surroundings were provided by first denervating embryos, and then transplanting fragments of neural tube to pockets formed in the epidermis of the abdomen. Typical peripheral nerves grew out from the fragments, and in one remarkable case nerve fibres were found running free across the peritoneal cavity.7" Those results led Harrison to declare decisively in favour of the view that the nerve fibre is "the outgrowth of a single ganglion cell, with which it remains in continuity throughout its life".7' The technique used in these latter experiments closely resembles that used by Loeb in those experiments in which he observed cells penetrating blood clots and those in which he transplanted fragments of tumour.
Further parallels between Harrison's and Loeb's experimental methods are evident in Harrison's next set of experiments. Here, altered surroundings for nerve growth were provided by replacing sections of neural tube with cylindrical blood clots formed by drawing adult frog blood into capillary tubing. Harrison found that nerve fibres penetrated the clot, for as long as 120 gm. and 170 ,Mm.17 There could be no intercellular bridges in a blood clot where there were no cells, and Harrison concluded that "... these experiments must be regarded as decisive against the protoplasmic bridge theory".78 The similarity of these experiments to those of Loeb is striking. Loeb had originally observed cells moving into a blood clot during wound healing and later used a block of agar implanted in an animal to determine what cells were able to penetrate it. Harrison had first observed nerve fibres penetrating unusual tissues and then used a clot of blood. Although Harrison's paper was well documented, he did not refer to Loeb. Harrison later referred to the experiments with cylindrical blood clots as being a link between his transplantation and in vitro experiments, but it is very unlikely that he progressed smoothly from one method to the next. These experiments were carried on at the same time as Harrison's attempts at tissue culture in vitro, and it is clear that they were rendered redundant by his success with in vitro culture.79 Both sets of experiments were performed because in the earlier experiments "... nerve fibres had developed in surroundings composed of living organized tissues" that might have contributed "organized material" to the nerve fibres.80 "The crucial experiment remained to be performed and that was to test the power of the nerve centers to form nerve fibres within some foreign medium, which could not by any possibility be suspected of contributing organized protoplasm to themr". 81 Harrison's crucial and successful experiment was to explant fragments of neural 74 79"Although the experiments here described may, therefore, seem to be somewhat overshadowed in significance they nevertheless form an essential link in the chain of evidence, leading to the establishment of the outgrowth theory." Harrison asked to be "pardoned" for the "rather belated appearance" of the report. Ibid., p. 16. 30 R. G. Harrison, 'The outgrowth of the nerve fiber as a mode of proto-plasmic movement', J. exp. Zool., 1910,9: 787-846, p. 790. tube in clots of lymph in hanging drop cultures in vitro, but these were not his first attempts at in vitro culture. In his major paper on tissue culture he referred to placing fragments of tissue in physiological saline, but these were unsuccessful. "Later a more natural environment for the isolated tissue was sought in the ventricles of the brain and in the pharynx of young embryos", but these were also unsuccessful.82 However, where fragments of tissue became attached to tissue in the embryo, nerve fibres grew out and Harrison concluded that nerve fibres were probably "stereotropic", unable to grow out into a liquid medium.3 These experiments resemble closely those of Loeb. In both cases, the investigators attempted to exploit the natural conditions within the body as an artificial environment in which to grow tissues. Loeb, indeed, was more successful. He had recognized "stereotropism" in 1898," and it was for this reason that he embedded tissue in agar before implantation. In his in vitro technique, Harrison used gelatine and lymph clots, but there is no evidence to suggest that he tried implanting embedded tissues into an embryo.
Harrison later used tissue culture to investigate stereotropism, and this was the basis of his last experimental paper on tissue culture.85 His interests turned to studies of polarity in the developing embryo,86 but he published several reviews discussing tissue culture that I shall refer to when comparing his achievements with those of Loeb.
LOEB'S CONTRIBUTIONS TO TISSUE CULTURE
If experimental pathology, and in particular Loeb's work, was a significant factor in the development of tissue culture, it is important to determine what Loeb himself thought were the important features of his work and whether the claims he made for it were justified. The most important of these claims were that: (i) he had recognized the "general principles" and importance of growing cells in an artificial environment; (ii) his work using tissues embedded in agar or plasma clots and implanted in animals was the first attempt recorded in the literature to grow tissues of higher animals under artificial conditions in "'environments that differ from those found in the body under natural conditions";87 and (iii) that at some time (prior to 1897) he had obtained similar results with tissues embedded in agar in test-tubes.
It is clear that Loeb recognized that it would be a considerable advance if it was possible to study cells in isolation: "The possibility of separating the growing epithelium from other tissues might be used to subject an isolated tissue like epithelium to certain experimental conditions, as for instance, to the influence of different chemical substances and thus study the reaction of isolated tissues, other than connective tissue and leucocytes to different stimuli."88 However, the method Loeb employed of using animal bodies as incubators for implanted tissue was not capable of being used in the manner he proposed. The tissue in agar was isolated, but it was impossible for the chemical environment to be controlled or manipulated, and Loeb did not publish the results of experiments in which he used the implant method in this way. I do not think it can be claimed that he recognized the "general principles" of tissue culture, beyond realizing the need for the tissue to be isolated and kept at body temperature. He does not seem to have considered the problem of cell nutrition.
Loeb's second claim was made in papers dealing with tissue culture in the sense used by Harrison, Carrel, and the Lewises, and he must have intended his readers to assess his claim in that context. However, it is a claim of so general a nature that it encompasses almost any circumstance, and the examples listed by Oppenheimer89 and Rubin"0 are other examples where cells and tissues were kept in unnatural environments. Tissue culture was understood from its inception to be an in vitro technique, and Loeb's implant method must be regarded as a special form of in vivo technique.
Loeb's claim to have obtained in vitro cultures in test-tubes refers to a paper published in 1897. This was a monograph that he had printed privately in Chicago,9' and, while it refers to this method, no details of technique or results are given. There is no good evidence to support this claim, and it is clear from Loeb's own writings that he had very little success with test-tube cultures prior to 1911. He referred to the difficulties he had had with this approach,'2 and it was probably for this reason that he turned to transplantation and what I have called his implant technique. Although Rubin suggests that Loeb outlined "the optimal conditions for in vitro growth",93 it is difficult to understand how he could have done so when he was so unsuccessful.
CONTEMPORARY OPINIONS OF LOEB'S WORK
With hindsight, it appears that Loeb's in vitro work prior to 191 1 was a failure, but this may be misleading. Although he did not achieve in vitro culture, his views and comments may have influenced his contemporaries and helped prepare for Harrison's work. Is there any evidence to suggest that this might be so?
The has not yet given the results and the techniques of his method of cultivation of tissues outside of the body".'7 They described his implant experiments but commented that "they cannot be considered as being strictly equivalent to a culture".'8
Another major line of tissue culture development was followed by Margaret and Warren Lewis who were interested in the morphology and differentiation of cells in vitro. 99 Following the publication of Burrows' work, the Lewises were encouraged to take up cell culture, but, in fact, they had already made some attempts at in vitro culture before 1910. Margaret Lewis's (then Margaret Reed) interest in in vitro studies had been stimulated by her studies with M. Hartman in Berlin in 1908. Like Loeb, Margaret Lewis also used nutrient agar as a substratum for cell movement, and she found that guinea-pig bone marrow cells grew out over the surface of the agar, and she had observed dividing cells.'00 However, the Lewises did not acknowledge any contribution from Loeb.
Smyth, who wrote an early review of tissue culture in 1914, devoted his opening paragraph to Loeb's implant technique. He recognized that Loeb had obtained cell growth into blocks of agar, but he contrasted this use of an animal as an incubator with "the first reports of the cultivation of animal tissues outside of the body" that were "made by Ross G. Harrison in 1907 and again in 1910"101 (my italics). Meltzer, in his review published in 1912, repeated Loeb's claims that he had cultivated tissue in vitro before 1897, and wrote that it was a "misapprehension of the facts of the case" that Loeb had performed only implant experiments: "It can be safely claimed that Loeb was the first investigator who conceived the ingenious plan of cultivating tissues 9""The starting point of our researches was the beautiful work of Harrison on the embryonic tissues of the frog." A. Carrel There seem to be two answers to the first question, both of which relate to the nature of the problems confronting the two men. First, an in vitro technique was essential for Harrison's work but irrelevant to Loeb's. Although Harrison's in vivo experiments had convinced him that nerve fibres formed by outgrowth from the cell body, the critical experiment necessitated complete isolation of nerve cells. Although he later designed experiments to examine other factors that might influence nerve fibre outgrowth,'0' he first needed a method by which nerve cells could be studied free of Experimental pathology and the origins oftissue culture interests were rather different. For him, the ways in which the body reacted to a tumour were of almost equal importance to the growth characteristics of the tumour cells, and he eventually studied a variety of features of the host that affected tumour growth, including the genetic relationship of host and tumour, and the immunological reactions and hormonal states of the host.108 There was no incentive for Loeb to persist in developing in vitro techniques that could not be used to study such factors.
Second, the different problems of Loeb and Harrison required quite different methods of observation. The only observation Loeb needed to make was to determine if the transplanted fragment of tumour grew. The cellular behaviour involved did not concern him at this time, and microscopic examination of fixed and embedded material was all that was required to determine the character of the transplanted tumour. In contrast, direct observation of the nerve cell was essential for Harrison. Cajal had observed a "cone of growth" at the ends of nerve fibres in his histological preparations, and postulated that this structure was the means by which a nerve fibre penetrated tissues.'09 Harrison's analysis of nerve development would have been incomplete if he had not examined critically Cajal's conjecture, and to do so he had ". . . to obtain a method by which the end of a growing nerve could be brought under direct observation while alive .. .".110 This could be done only by isolating nerve cells in vitro, and Harrison's descriptions of the structure and behaviour of nerve fibres were convincing demonstrations of the validity of Cajal's views. Particularly striking was the complete identity of the tip of the nerve fibre in vitro with Cajal's "cone of growth" and Billings remarked that "visualization of ... the growth cone was the single most important observation that supported an outgrowth theory"."' This difference between Loeb's and Harrison's work was remarked on by Harrison and others. Harrison considered the fact that his method enabled living cells to be observed continuously to be one of two "very distinct advantages" of his method.1"2 Burrows wrote that the "primary object in growing tissue outside the animal body [is] in order that it may be microscopically observed in the living conditions. This object was not possible by Loeb's method which was therefore of little advantage over the study of prepared tissues from the animal body"."3 This is true but rather unfair in 106 In 1910, Loeb wrote, "Experimental investigation permits us, however, not only to analyze the that this was not Loeb's aim in his experiments.
Turning to the second question, is it possible to identify factors that led to Loeb's contemporaries ignoring his work, and determine those features of Harrison's work that impressed them? There can be no doubt that the major factor was that Harrison was successful; he solved a major problem using a novel technique that was seen immediately to be of very wide application. None of this was true of Loeb's work. Harrison's tissue culture experiments were the logical development of his earlier studies, and this continuity gives Harrison's in vitro work a remarkable feeling of analytical power.'14 Loeb's bibliography and autobiographical sketch indicate that he studied many problems, and while these centred on cell growth and cell movement, his work appears more fragmentary than Harrison's. Loeb's in vitro methods did not resolve any major problems, while that solved by Harrison was one of the great morphological controversies of the period, and the results would have been of great interest whatever method he had used. The method he did use was revolutionary, and it was realized immediately that it provided an extraordinarily powerful means of studying the dynamic aspects of cell structure and function. Loeb's methods were totally inapplicable to this kind of problem.
Finally, Loeb's in vitro work may have been ignored because, until 1910, few may have known of it. After 1910, when Loeb referred to his earlier work, he cited the monograph he had had privately printed,"' but in his papers of 1910, 1911, and 1912 he cited it only as "Chicago 1897". It was listed in the Index Catalogue ofthe Library of the US Surgeon-General's Office, "6 but this was in 1913 and it was given only by title and date. One of the more favourable commentaries on Loeb's work came from S. J. Meltzer, but even he concluded that Loeb's in vitro work "was not appreciated and he published his results in a private pamphlet, with the result that it remained practically unknown"."7 In contrast, Harrison's results were presented at various meetings (in particular his Harvey Lecture of 1908) and published in the leading experimental biology journals. CONCLUSION Loeb claimed priority for the growth of cells in vitro on the basis of unpublished results he alleged to have obtained prior to 1897. While there is no reason to doubt that he attempted in vitro culture, a critical examination of his published work suggests that he never achieved any real success, and it is unlikely that he outlined "the optimal conditions for in vitro growth"."8 Loeb's implant technique was useful, and acknowledged as such,"19 in analysing some of the factors involved in tumour growth, and in view of the paucity of worthwhile data obtained by culture of tumour 114 Harrison's logical approach has been emphasized by Oppenheimer: "Harrison did not live his intellectual life by hunches; in contrast, he lived by reason and logic, and the inner coherence of his thought Experimental pathology and the origins oftissue culture cells Loeb was probably wise not to have persisted in attempting in vitro methods.'20 However, I do not think that this is sufficient to support Rubin's view that experimental pathology (as exemplified by Loeb's work) was, together with experimental embryology, one of "the major avenues to the development and application of tissue culture".'2' Loeb's contemporaries did not cite his tissue culture work but referred to that of Harrison, and the main threads of tissue culture can be traced back to Harrison.' 22 The available sources demonstrate that Loeb's attempts at tissue culture had little impact on the development or acceptance of the technique, and Loeb made no special claim for this work in his autobiographical sketch.'"2 My analysis of Loeb's and Harrison's work supports Rubin's contention that at the end of the nineteenth century, there was a "relatively high degree of interaction" between experimental pathology and embryology.'24 This was particularly true of Loeb's own field, oncology, where the theoretical background was largely embryological and there were also similarities in the experimental designs and techniques used by Loeb and Harrison. Why, then, was it Harrison and not Loeb who developed these techniques into tissue culture in vitro? I suggest that the problems facing Harrison and Loeb differed so that only Harrison had to search for such an innovative technique. The lack of impact of Loeb's in vitro work on his contemporaries appears to result from the two factors: Harrison's results were widely broadcast while Loeb's early attempts remained in obscurity, and while Loeb failed to solve any problem, Harrison was extraordinarily successful in solving a major morphological problem. Tissue culture had its roots in experimental embryology, and specifically that practised by Harrison. As Oppenheimer remarked, ".... no matter what had been done before his time, and no matter what he did or did not know of it, it was the work of Harrison that began the development of tissue culture as we know it" . 125
